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K2P channelsA variety of ion channels are supposed to orchestrate the homoeostatic volume regulation in T lymphocytes.
However, the relative contribution of different potassium channels to the osmotic volume regulation and in
particular to the regulatory volume decrease (RVD) in T cells is far from clear. This study explores a putative
role of the newly identiﬁed K2P channels (TASK1, TASK2, TASK3 and TRESK) along with the voltage-gated
potassium channel KV1.3 and the calcium-activated potassium channel KCa3.1 in the RVD of murine T
lymphocytes, using genetic and pharmacological approaches. K2P channel knockouts exerted profound effects
on the osmotic properties of murine T lymphocytes, as revealed by reduced water and RVD-related solute
permeabilities. Moreover, both genetic and pharmacological data proved a key role of KV1.3 and TASK2
channels in the RVD of murine T cells exposed to hypotonic saline. Our experiments demonstrate a leading
role of potassium channels in the osmoregulation of T lymphocytes under different conditions. In summary,
the present study sheds new light on the complex and partially redundant network of potassium channels
involved in the basic physiological process of the cellular volume homeostasis and extends the repertoire of
potassium channels by the family of K2P channels., two-pore-domain potassium
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Volume regulation is a vital ability of cells which is challenged by a
variety of factors such as alterations of the extracellular osmolality,
activation of membrane channels and transporters, synthesis or
cleavage of cytosolic proteins and cell metabolism. Changes in the
osmotic conditions and the resulting osmotic pressure gradients cause
water to move rapidly through the plasma membrane, thus leading tocell swelling or shrinkage [1–3]. Thereafter, the return to the original
cell volume may result from the movement of ions and small organic
osmolytes across the cell membrane.
A multitude of cell volume regulating mechanisms is known to be
used by various cell types. There is a general agreement that
regulatory volume decrease (RVD) in hypotonically swollen lympho-
cytes mainly relies on the cytosolic efﬂux of chloride (Cl−) and
potassium (K+) ions [4]. T lymphocytes possess swelling-activated
chloride channels (Clswell) of yet enigmatic molecular identity [4,5].
Hypotonic cell swelling induces the activation of these ATP-depen-
dent Clswell currents. In consequence RVD gets initiated and leads back
to the normal cell size even though the hypotonicity persists [6]. The
efﬂux of Cl− ions causes membrane depolarization which opens
voltage-gated potassium channels (KV1.3) [7–9]. Within several
minutes, the efﬂux of anions and cations along with the osmotically
driven water loss results in a shrinkage of the cell back to its original
isotonic volume. Besides voltage-gated potassium channels, calcium-
activated potassium channels (IKCa1=KCa3.1) can be involved in RVD
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In mature T cells, RVD has been reported either to be Ca2+
independent [10,11] or to involve IKCa1 channels [12,13]. Moreover,
an activation of IKCa1 by swelling-activated Ca2+ channels seems to
occur in mouse thymocytes [4,14]. This is in accordance with the
predominant expression of another type of voltage-gated potassium
channels (KV3.1 instead of KV1.3) in mouse thymocytes [15–17].
Interestingly, transfection of a volume-regulation deﬁcient cell line
with KV3.1 does not confer the ability to RVD in these cells [8].
Additionally, several alternative pathways have been suggested to
contribute to the volume regulation in lymphocytes, including a
putative involvement of TRPM7 channels [4,18,19], taurine efﬂux
pathways [20] or swelling-activated channels for organic osmolytes
[21,22].
Recent studies have emphasized the emerging role of newly
identiﬁed members of the two-pore domain (K2P) potassium channel
family in lymphocytes. These are TASK1, TASK2 and TASK3 which are
expressed in human and mouse T lymphocytes [23,24], TRESK in
Jurkat cells [25,26] and TREK2 in mouse B lymphocytes [27]. Given
that TASK channels are mostly time- and voltage-independent they
are well-suited to carry a background K+ conductance while TRESK
channels are calcium-activated. In light of the new developments in
the K2P channel research, this study explores the role of various types
of potassium channels in the volume regulation of mouse T
lymphocytes subjected to hypo- and hypertonic saline solutions,
using a combination of pharmacological and genetic approaches.
2. Materials and methods
2.1. Cell isolation and incubation
Murine splenocytes were isolated from adult transgenic and wild
type (wt) mice following standard procedures and CD4+ T lympho-
cytes were separated by magnetic cell separation (MACS) using CD4+
T cell isolation kit II (Miltenyi, Germany). These T cells were
suspended in splenocyte complete medium (DMEM, 10 mM HEPES,
50 μM β-mercaptoethanol, 5% FCS, 2 mM L-Glutamine and 1%
nonessential amino acids (NEAA)) and cultured at 37 °C, 5% CO2
atmosphere for 48 h with CD3/CD28 mouse T activator Dynabeads
(cell to bead ratio 4:1; Invitrogen).
2.2. Transgenic mice and reagents
C57BL/6micewere purchased fromHarlanWinkelmann (Borchen,
Germany). Wild type C3H and TRESK−/− [28], TASK1−/−, TASK3−/−
[29] and TASK2−/− mice [30] have been described before. Mice were
bred and housed under speciﬁc pathogen-free conditions in the
animal facilities of the Department of Neurology in Wuerzburg
according to German guidelines for animal care. Channel blockers
(all from Sigma, Germany, except ShK, which was from Bachem AG,
Switzerland) were used in the following concentrations: anandamide
30 μM (TASK1), quinidine 20 μM (TASK2) or 50 μM (TRESK),
spermine 500 μM (TASK3), ShK 10 nM (KV1.3), TRAM34 100 nM
(IKCa1).
2.3. Cell volumetry
Cell volume changes were measured by video microscopy using a
ﬂow chamber designed for rapid exchange of media. The transparent
body and ﬂoor of the chamber were made of polydimethylsiloxane
(PDMS) and a 0.15 mm thick glass coverslip, respectively. To enhance
cell adhesion, the coverslip was pretreated for 5–10 min with 0.5 mg/
ml poly-D-lysine (Sigma, Germany). At a ﬂow rate of about 1 ml/min
the exchange of solutions in the chamber took about 2 s from the
moment of turning the tap. Before measuring, an aliquot of cells
suspended in isotonic complete growth medium (CGM; ∼330 mOsm)at a density of about 105 cells/ml was injected into the chamber and
the cellswere allowed to settle and adhere to the chamberﬂoor for 10–
15 min. The chamber was placed on the stage of a microscope (BX50,
Olympus, Hamburg, Germany) and the cells were viewed with a 20×
objective in transmitted light. The microscope was equipped with a
CMOS video camera (UI-1410-C, UEye, Obersulm, Germany) con-
nected to the video digitizing board of a personal computer. Cell
images were taken ~1 min before and at various time intervals from
10 s up to ~20 min after medium exchange. The cross-section areas of
typically 8–10 cells per microscopic ﬁeld were determined with the
image analysis program ImageJ (Wayne Rasband, NIH, Maryland,
USA). At each time interval, the volume (V) of an individual cell (Fig. 1)
was evaluated from its cross-section by assuming spherical geometry.
The cell volume was normalized to the original isotonic volume (V0)
as: ν=V/V0. In each experiment, the mean ν values (±SE) were
calculated from a sequence of about 160 images and plotted against
time after the change from isotonic CGM to a PBS (phosphate buffered
saline) solution of varying osmolality.
The PBS solutions of osmolalities 200, 330, 400 and 450 mOsmol/kg
were prepared by dilution of 10× Dulbecco's PBS (without Ca2+ and
Mg2+; PAA, Linz, Austria)with appropriate amounts of deionizedwater
from a Milli-Q puriﬁcation system (Millipore GmbH, Schwalbach,
Germany). The solution osmolality (mOsmol/kg, denoted hereafter as
mOsm) was measured by means of the cryoscopic osmometer
Osmomat 010 (Gonotec, Berlin, Germany).
2.4. Analysis of the volumetric data
To analyze the effects of potassium channel blockers and K2P gene
knockouts on volume regulation (generally for hypotonic conditions)
we used the following equation to calculate the RVD inhibition index
ICRVD:
ICRVD =
ν12−ν0
ν2−ν0
 
 100% ð1Þ
where ν0=1 is the normalized isotonic volume. The symbols ν2 and
ν12 stand for the normalized cell volumes 2 and 12 min after cell
transfer into hypotonic medium (as depicted in Fig. 2). For cell
samples accomplishing RVD within 12 min (ν12=ν0=1), Eq. (1)
yields ICRVD=0 (i.e. no RVD inhibition). Cells exhibited ICRVD=100%
if they remained swollen in hypotonic medium (ν12=ν2) and thus
were incapable of RVD. In several experiments, continuous secondary
swelling occurred after the fast initial volume increase, i.e. ν12Nν2. In
those cases, ICRVD was larger than 100%.
We additionally applied the modiﬁed osmoregulation model
proposed by Lúcio et al. [31], to analyze quantitatively the membrane
transport properties in lymphocytes subjected to hypotonic shock.
Besides considering the standard osmotic water ﬂux, the Lúcio-model
assumes a cell volume-dependent solute permeability of the plasma
membrane which in turn allows for the regulatory volume changes.
The theory by Lúcio et al. [31] leads to the following simpliﬁed
expression for the absolute cell volume V(t) as function over time
after hypotonic shock:
V tð Þ = Ae−t =τ1−Be−t =τ2 + VR; ð2Þ
where A = V0−Vbð ÞΔϕ 0ϕe , B =
V0−Vbð ÞΔϕ 0
ϕe
+ VR−V0ð Þ, τ1 = ϱw V0−Vbð ÞPwA 0ϕe and
τ2 =
ϕeV0
αA 0
. Symbols V0 and Vb stand, respectively, for the initial cell
volume and the osmotically inactive volume, both for isotonic
conditions (~330 mOsm). For the initial conditions,Δϕ0 is the osmotic
shock, i.e. the initial difference between the extra- and intracellular
osmolalities Δϕ0=(ϕe−ϕi). The total membrane area A0=4πr02 is
assumed invariable during the osmotic shock. The isotonic cell radii r0
were evaluated from the microphotographs, such as shown in Fig. 1.
Themolar water density is given by ρw=1/18 mol cm−3. The residual
Fig. 1. Fast swelling and regulatory volume decrease (RVD) of a murine CD8+ lymphocyte in 200 mOsm PBS (shown as a typical example). Themicrophotographs show the same cell
before (A, isotonic CGM) and after acute hypotonic challenge (B–F) at the indicated time intervals. In isotonic CGM (A), the cell had a radius r0≈3.1 μm, corresponding to the original
isotonic volume V0≈0.12 pL. Upon medium replacement the cell swelled to Vmax≈0.23 pL (~3.8 μm) within 2.5 min (C) and then gradually shrank to nearly isotonic size within 6–
20 min (C–F). Scale bar=5 μm.
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shock and RVD. The characteristic time τ1 describes the initial cell
swelling due to the water inﬂux (“water phase”), whereas τ2 is
associated with the osmolyte release during RVD. Accordingly, τ1 is
inversely proportional to the osmotic water permeability Pw [μm s−1]
and τ2 to the swelling-activated solute permeability α
[mol s−1 cm−2].
Best least-square approximations of the Lúcio-model to the
volumetric data were calculated using a nonlinear regression
procedure provided by Origin 8 (Microcal, Northampton, MA, USA).
In general, the model contains four unknown parameters: b, Pw,α and
VR. All other quantities appearing in the model are ﬁxed or known. In
the hypotonic experiments with 200 mOsm PBS, ϕe and ϕi were 200
and 330 mOsm, respectively. The original isotonic cell volume V0 and
cell surface area A0 (assumed invariable) were evaluated microscop-
ically (Fig. 1). In order to reduce the number of unknown parameters,
the osmotically inactive volume b was determined independently
from the Boyle van't Hoff plot (see Fig. 3). The time-dependent cell
volume V(t) was the ﬁtted variable. Despite its simplicity, the model
matched well the observed volumetric behavior of hypotonically
treated lymphocytes (see continuous curves in Figs. 2 and 4), thus
allowing the quantitative estimation of membrane parameters in
terms of solute and water permeabilities (α and Pw).
3. Results and discussion
3.1. Volumetry of CD4+ and CD8+ lymphocytes from wild type mice
The CD4+ and CD8+ T cell subpopulations derived from wild type
mice exhibited quite similar volumetric responses to PBS over a wide
tonicity range from 200 to 450 mOsm (wt in Fig. 2A and B). Under
isotonic conditions (triangles in Fig. 2), i.e. upon cell transfer from
330 mOsm CGM to PBS of the same osmolality, gradual cell shrinkage
occurred in both cell phenotypes for at least 15–20 min after medium
exchange. This long-term volume decrease implies continuing leakage
of intracellular solutes through the plasma membrane of cells bathed
in isotonic Ca2+-free PBS.
A sudden exposure to hypotonic 200 mOsm PBS caused both cell
phenotypes to swell rapidly within the ﬁrst 2 min (from ν0=1 to themaximum volume ν2) due to the water uptake driven by the imposed
osmotic gradient (open circles in Fig. 2). The magnitude of initial
swelling ν2=1.24±0.02 in CD8+ cells was somewhat larger than in
CD4+ cells (ν2≈1.19±0.03, see Fig. 2A and B, and Table 1).
Afterwards, the cells shrank slowly to their original isotonic volume,
despite persisting hypotonicity. Since both T cell subtypes from wt
mice completed RVD 12 min after hypotonic challenge (ν12≈1.0),
this time interval was used as reference for assessing the inhibitory
effects of gene knockouts and channel blockers on RVD using Eq. (1)
(see Section 2.4).
In sharp contrast to their efﬁcient hypotonic volume regulation,
neither CD4+ nor CD8+ cells were capable of undergoing regulatory
volume increase (RVI) in hypertonic PBS (ﬁlled symbols in Fig. 2A and
B). During the ﬁrst 2–3 min upon hypertonic treatment, the cells
underwent fast initial shrinkage, whosemagnitude (ν0–ν2) grewwith
increasing PBS osmolality. After that, little – if any – changes in cell
volume took place during the following 15–20 min. The observed lack
of RVI in murine T lymphocytes reported here corroborates previous
ﬁndings that lymphoid cells (e.g. human peripheral blood lympho-
cytes, mouse T lymphocytes, etc.) remain shrunken in hypertonic
media for extended periods, with no observable RVI [9,32].
To estimate the osmotically inactive volume fraction in murine T
lymphocytes, the experimental ν2 values were plotted against the
reciprocal normalized osmolality (symbols in Fig. 3) and ﬁtted by the
Boyle van't Hoff equation:
ν2 =
φ iso
φ
1−bð Þ + b ð3Þ
where φ is the PBS osmolality and φiso=330 mOsm is the isotonic
osmolality. The term b=Vb/V0 represents the osmotically inactive
volume fraction at 330 mOsm. Judging by the correlation coefﬁcient
(r=0.98), the initialosmotic response ofmurineT cells iswell described
by the linear Boyle van't Hoff relationship. The linear regression of
Eq. (3) to the volumetric data yielded very similar estimates of the
osmotically inactive fraction for CD4+ (b=0.67±0.04) and CD8+ cells
(b=0.68±0.02). These b values were used to ﬁt the Lúcio-model
(Eq. (2)) to the volumetric data shown in Fig. 2.
Fig. 2. Temporal changes of the normalized cell volume ν in murine lymphocytes in response to PBS of varying osmolalities. The volumetric responses of CD4+ and CD8+
lymphocytes isolated fromwild type mice are shown in A and B, respectively. The data for CD4+ lymphocytes isolated from TASK1−/−, TASK2−/− and TASK3−/−mice are given in C,
D, and E, respectively. Part F includes the data of CD8+ TASK2−/− cells. All cell samples were bathed initially in isotonic CGM (~330 mOsm) and then exposed (at t≈30 s) to PBS
having osmolalities of 200, 330, 400 or 450 mOsm, indicated by open circles, triangles, ﬁlled circles and squares, respectively. Under hypotonic conditions (200 mOsmPBS, open circles),
all cell phenotypes ﬁrst swelled rapidly within 2–3 min and then slowly underwent partial (F) or complete RVD (A–E). Isotonic PBS caused only little – if any – volume changes. In
response to hypertonic solutions with the tonicity of 400 or 450 mOsm the cells shrank rapidly during the ﬁrst 2-3 min. After that, the cell volume either remained unchanged (A, B
and D), slowly decreased (E and F) or increased (C, partial RVI). The initial isotonic volume is given by ν0=1. Symbols ν2 and ν12 stand, respectively, for the normalized cell volume
observed 2 and 12 min after medium exchange. Each data point represents the mean ν±SE of up to ~50 individual cells (see Table 1) measured in 2–4 independent experiments.
Continuous curves are best ﬁts of the Lúcio-model to the hypotonic data (see text).
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osmotic properties of the plasmamembrane (Pw and α) calculatedwith
the Lúcio-model (continuous curves in Fig. 2). Comparison of the ﬁtted
Pw andα values does not reveal any signiﬁcant differences between the
two T cell subtypes derived fromwild type animals with respect to their
osmotic water permeability (Pw=1.59±0.13 vs. 1.57±0.15 μm/s in
CD4+ and CD8+ cells, respectively) and the RVD-related solute
permeability (α=0.82±0.05 vs. 0.86±0.09 nmol s−1 cm−2).
The osmotically inactive volume (b≈0.7) and the water perme-
ability (Pw≈1.6 μm/s) found here for freshly isolated naive mouse T
lymphocytes differ markedly from the corresponding data of cloned
murine T lymphocytes L2 (b≈0.28, Pw=3.2 μm/s) reported previ-
ously [9]. The discrepancy in Pw estimates can be attributed to thedifferent theoretical models used for the evaluation of this parameter.
On the other hand, the small b-value in L2 cells may result from the
different osmolality range (~280–500 mOsm) and/or from the
prolonged incubation of cells in hypertonic media [9], in contrast to
the short-term exposure of cells (~2 min) to 200–450 mOsm PBS used
here for the determination of ν2 data (Fig. 3).
In contrast to TASK1/2/3 knockout mice, which were on a C57BL/6
background, TRESK−/− cells were derived from C3H/HeJ mice.
Therefore, the volumetric responses of CD4+ cells from wild type
C57BL/6 and C3H/HeJ mice were compared. The data for CD4+ T
lymphocytes from C3H mice are given in Supplementary Fig. S1. In
contrast to the isotonic volume decrease observed in wt BL/6 cells
(triangles in Fig. 2A), CD4+ cells derived from C3H mice swelled
Fig. 3. Boyle van't Hoff plots for CD4+ and CD8+ lymphocytes (ﬁlled and open circles,
respectively) derived from wild type mice. Each data point represents the mean ν2
value (±SE, as deﬁned in Fig. 2) plotted against the reciprocal normalized osmolality
(φiso/φ, where φiso=330 mOsm). The lines are best least-square ﬁts of Eq. (3) to the
corresponding data. The osmotically inactive volume fractions (b), deﬁned by the y-
axis-intercepts, were found to be similar in CD4+ (0.67±0.04) and CD8+ sub-
populations (0.68±0.02).
Fig. 4. Effects of potassium channel blockers on RVD of CD4+ lymphocytes derived from
wild type (A, wt) and TASK2−/− knockout mice (B, ko). The various symbols represent
untreated controls (empty circles) and the cell samples treated with 20 μM quinidine
(empty squares), 100 nM TRAM (ﬁlled circles) and 10 nM ShK (ﬁlled squares). All cell
samples and controls were subjected to the same hypotonic stress in 200 mOsm PBS.
Continuous curves are best ﬁts of the Lúcio-model. Note that TASK2 knockout not only
decreased the rate of RVD in control cells (compare empty circles in A and B), but also
affected the relative sensitivity of RVD to potassium channel blockers. (details in
Table 2).
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likely due to the “leak” permeability and the uptake of NaCl. Moreover,
this different genetic background reduced almost byhalf the rate of RVD
in CD4+ lymphocytes under hypotonic conditions (Fig. S1A, open
circles), as suggested by the RVD inhibition index of 52±7% given in
Supplementary Table S1. The impaired RVD in C3H cells is consistent
with the noticeable membrane permeability to NaCl under isotonic
conditions. The response of C3H cells to hypertonic 400 mOsm PBS (i.e.
osmotic shrinkagewithoutRVI)was similar to the correspondingdata of
BL/6 cells discussed above (Fig. 2A, ﬁlled circles).
3.2. Impact of K2P channel knockout on the osmoregulation of T
lymphocytes
Depending on the affected protein, genetic knockout or inactiva-
tion of a K2P channel exerted differential effects on the osmoregula-
tion of murine T lymphocytes within the tonicity range of 200–
450 mOsm studied here (Fig. 2C–F). Unlike wt CD4+ lymphocytes,
which exhibited continuous shrinkage in isotonic 330 mOsm PBS
(triangles in Fig. 2A and B), none of the K2P-deﬁcient CD4+ cell
samples (including TASK1−/−, TASK2−/− and TASK3−/−) shrank in
isotonic PBS (Fig. 2C–E). The lack of isotonic volume decrease implies
that TASK channel knockout substantially reduced potassium leakage
from the cytosol of T cells under isotonic conditions.
Comparison with the wild type control (Fig. 2A) also reveals that
TASK1−/− lymphocytes exhibited a lower initial swelling magnitude
(ν2≈1.15) and a slower rate of RVD in hypotonic PBS, as clearly seen
in Fig. 2C (empty circles). Despite obvious effects of TASK knockouts on
the cell volume kinetics in hypotonic PBS (Fig. 2C–E vs. Fig. 2A), there
were no statistically signiﬁcant differences in the RVD inhibition index
(ICRVD) between wt and K2P-deﬁcient CD4+ cell samples (Table 1, 5th
column). For that reason we further analyzed the hypotonic data with
the Lúcio-model introduced above in Section 2.4 (Eq. (2)). In terms of
this model, the TASK1−/− related changes in the volume response are
reﬂected by decreased values of water and solute permeability
(Pw=0.46 μm s−1, α=0.41 nmol s−1 cm−2), as compared to wt
controls (Pw=1.59 μm s−1, α=0.82 nmol s−1 cm−2; 1st line in
Table 1).Deletion of TASK2 slightly decreased the rate of RVD in CD4+
lymphocytes under hypotonic conditions, without affecting signiﬁ-
cantly the volumetric behavior of these cells in hypertonic PBS
(Fig. 2D). The moderate inhibition of RVD in TASK2−/− CD4+ cells
(Fig. 2D vs. A, open circles) is also reﬂected by a somewhat larger ν12
and a lower α value with respect to wt control (Table 1, 1st vs. 3rd
line). As with CD4+ lymphocytes, TASK2−/− CD8+ cells also exhibited
a delayed RVD, as compared to wt CD8+ phenotype (Table 1, bottom
lines). In iso- and hypertonic solutions, the TASK2−/− related changes
in the volumetric behavior of CD8+ cells (Fig. 2F) were qualitatively
similar to those observed in CD4+ lymphocytes.
Among the CD4+ lymphocyte samples studied here, TASK3−/−
cells exhibited the lowest initial swelling (ν2=1.11) in hypotonic
PBS, which apparently was the reason for the very poor RVD-related
solute permeability α (≈0.24 nmol s−1 cm−2, Table 1). Unlike wt
CD4+ cells, TASK3−/− lymphocytes swelled slightly in isotonic PBS
(Fig. 2E, triangles). In contrast, the response of TASK3−/− cells to
hypertonic 400 mOsm saline (ﬁlled circles) was comparable to that of
wt controls.
To examine the effects of TRESK knockout on the volume
regulation in CD4+ lymphocytes, these mice were compared with
their corresponding wild type controls (see data of cells from C3H
mice as supplementary materials in Fig. S1 and Table S1). Compared
to wild type cells (Fig. S1A), TRESK knockout did not affect the
hypertonic response, but slightly increased the isotonic cell swelling
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ing data for K2P–/– cells from BL/6 mice shown in Fig. 2. Although
TRESK−/− and C3H control lymphocytes exhibited quite similar
percentages of RVD inhibition (46±9% vs. 52±7%), TRESK knockout
reduced the RVD-related solute permeability α by about 21% (from
the control value of 0.61 nmol s−1 cm−2 to 0.48 nmol s−1 cm−2,
Table S1). Despite the different genetic background (C3H vs. BL/6), the
TRESK−/− associated decrease of α is also in agreement with the data
for TASK1/2/3 knockouts summarized in Table 1.
The hypotonic data in Fig. 2 and Table 1 illustrate a signiﬁcant
impact of K2P channel knockouts on the osmotic properties of murine
T lymphocytes, including both water and solute transports. A reduced
water permeability Pw appears to be a common characteristic of the
plasma membrane of lymphocytes derived from K2P-deﬁcient mice.
Irrespective of the affected gene, the Pw values decreased markedly
(2.5–3.5 times) from 1.59 μm/s (in wt CD4+) to a relatively narrow
range of 0.46–0.66 μm/s in K2P-deﬁcient cells (Table 1, column 6).
Despite comparable Pw values, the K2P-channel deﬁcient phenotypes
differed noticeably in their RVD-related solute permeabilityα. Among
the CD4+ cell samples studied here, α values can be arranged in the
following descending order (Tables 1 and S1, column 7): wild type
(100%)NTRESK (~79%)NTASK2−/− (~73%)NTASK1−/− (50%)N
TASK3−/− (~29%). The numbers in parentheses are the respective α
values in percent of the corresponding BL/6 or C3H wild type control
(100%). Compared to the RVD inhibition index also presented in
Table 1 (column 5), the solute permeability α, calculated with the
Lúcio-model, is apparently a much more useful quantity for assessing
the impact of gene knockouts on the RVD-related solute transport.3.3. Inﬂuence of potassium channel blockers on RVD in murine
lymphocytes
To gain a deeper insight into the role of K2P channels in the
osmoregulation of T lymphocytes, we extended this study to explore a
series of pharmacological agents known for their capacity to block
potassium channels. Furthermore, this enabled us to address the
contribution of other potassium channels which have already been
suggested to play a role in volume regulation (KV1.3 and IKCa1). The
relevant data on the channel blocker concentration (and targeted
protein) are available from previous electrophysiological studies
[23,33–35]: quinidine 20 μM (TASK2 and to a lesser extent TRESK),
ShK 10 nM (KV1.3), and TRAM34 100 nM (IKCa1). It should be noted
that quinidine may also affect KV1.3 channels, which are known to be
sensitive to its stereoisomer quinine [25,36]. Given that neither wt nor
transgenic K2P–/– lymphocytes were capable of volume regulation in
hypertonic PBS media (ﬁlled symbols in Fig. 2), the following
experiments were restricted to hypotonic conditions.
As seen in Fig. 4A, nearly all potassium channel blockers exerted
signiﬁcant inhibitory effects on the RVD in wt CD4+ lymphocytes.
Unlike K2P gene knockouts (Fig. 2), channel blockers did not affect
markedly the initial cell swelling. Therefore, the volumetric data in
Fig. 4A allows an easy comparison of channel blockers for their RVDTable 1
Impact of K2P knockout on the osmotic properties of murine CD4+ and CD8+ lymphocytes
CD phenotype Mutation ν2±SE ν12±SE
CD4+ wt 1.19±0.03 1.00±0.02
CD4+ TASK1−/− 1.15±0.01 1.00±0.01
CD4+ TASK2−/− 1.16±0.02 1.02±0.01
CD4+ TASK3−/− 1.11±0.01 1.00±0.01
CD8+ wt 1.24±0.02 1.01±0.02
CD8+ TASK2−/− 1.24±0.03 1.05±0.02
a RVD inhibition index ICRVD was calculated with Eq. (1) using the corresponding data finhibition capacities (ICRVD). Substitution of the experimental ν12 and
ν2 data (Table 2) into Eq. (1) gives the following order of ICRVD values:
ShKNquinidineNTRAM. This sequence suggests a major contribution
of KV1.3 and TASK2/TRESK channels to the RVD in the wild type CD4+
cells, whereas IKCa1 appears to play a secondary role in the hypotonic
volume regulation of the wt cells.
In addition to its effects on RVD discussed above (Fig. 2D), TASK2
knockout markedly altered the sensitivity of RVD to potassium
channel blockers (Fig. 4B). Thus, in contrast to the nearly complete
inhibition of RVD in wt CD4+ cells treated with the KV1.3 channel
blocker ShK (ICRVD≈80%), the same ShK concentration impaired RVD
in TASK2−/− cells to a lesser extent (ICRVD≈60%, ﬁlled squares in
Fig. 4B). As expected, TASK2 knockout signiﬁcantly attenuated the
RVD inhibitory activity of the TASK2 channel blocker quinidine (empty
squares in Fig. 4), which is suggested by a decreased ICRVD value of
~30% (vs. 75% in wt cells). TASK2 knockout, however, had quite the
opposite effect on the RVD sensitivity to TRAM. In this case, ICRVD
increased almost tenfold from 6% in wt to ~60% in TASK2−/− cells
(Table 2).
Taken together, the combination of genetic and pharmacological
approaches provided clear evidence for the involvement of various
potassium channels (most notably KV1.3 and TASK2) in the RVD of
mouse T lymphocytes exposed to hypotonic saline. Genetic knockout
of TASK2 not only exerted a moderate inhibitory effect on the RVD in
mouse lymphocytes but also modiﬁed the expression pattern of other
potassium channels involved in the osmotic volume regulation. The
latter effect caused large alterations in the pharmacological proﬁle of
RVD inhibition.3.4. Signiﬁcance of K2P channels for the cell volume regulation
The expression of members of K2P channel family in murine and
human T lymphocytes has only been described a few years ago [23–
25]. In the present study we succeeded in integrating these
channels into the existing models of T cell volume regulation
(Fig. 5), which until now relied on only two other potassium
channels (KV1.3 and IKCa1). In agreement with our data for TASK2
reported here, an important role of TASK2 in volume regulation
processes has been described before in other cell types. Thus,
volume regulation in kidney cells depends strongly on TASK2
[37,38] and genetic deletion of TASK2 abolishes the downstream
events, caspase activation and cell death upon apoptotic volume
decrease. Furthermore, TASK2 is involved in the volume regulation
of spermatozoa (which are physiologically confronted with a broad
range of extracellular osmolalities [39]), and also in the osmoreg-
ulation of Ehrlich ascites tumor cells [40,41].
Even more data on the involvement of TRESK in cell volume
regulation are available in the current literature. The expression of
TRESK channels in a human lymphoma cell line (Jurkat cells) and their
importance (together with KV1.3) for the apoptotic volume decrease
have been recently shown elsewhere [25,26]. However, potassium
channels expressed in Jurkat cells are quite different from those inin PBS of reduced osmolality (200 mOsm).
ICRVD±SEa
%
Pw±SE
μm/s
α±SE
nmol/s cm2
N
cell number
0±8 1.59±0.13 0.82±0.05 38
0±7 0.46±0.08 0.41±0.04 13
13±6 0.59±0.07 0.60±0.04 38
0±9 0.66±0.03 0.24±0.01 28
4±4 1.57±0.15 0.86±0.09 48
21±9 1.09±0.15 0.61±0.04 27
or ν =1, ν2 and ν12 deﬁned in Fig. 2.
Table 2
Effects of potassium channel blockers on the volumetric response of murine CD4+ lymphocytes in 200 mOsm PBS.
Cell phenotype Channel blocker, concentration Targeted channel ν2±SE ν12±SE ICRVD±SE
%
N
cell number
wt Untreated control 1.19±0.03 1.00±0.02 0±8 38
wt 20 μM quinidine TASK2 1.20±0.03 1.15±0.02 75±9 40
wt 100 nM TRAM34 IKCa1 1.16±0.03 1.01±0.04 6±10 17
wt 10 nM ShK KV1.3 1.22±0.02 1.17±0.04 77±11 22
TASK2−/− Untreated control 1.16±0.02 1.02±0.01 13±6 38
TASK2−/− 20 μM quinidine TASK2 1.22±0.02 1.07±0.02 32±10 20
TASK2−/− 100 nM TRAM34 IKCa1 1.16±0.02 1.10±0.02 63±15 27
TASK2−/− 10 nM ShK KV1.3 1.18±0.01 1.11±0.01 61±7 31
Fig. 5. Scheme of RVD in T lymphocytes. The events following a hypotonic shock with subsequent cell swelling are shown: the opening of swelling-activated chloride channels
(Clswell) depolarizes the membrane potential towards the chloride-equilibrium potential of −35 mV which activates voltage-gated potassium channels (KV1.3) and enhances the
driving force for the K2P channels TASK1, TASK2 and TASK3. An additional involvement of the Ca2+-activated channels IKCa1 and TRESK has been suggested previously. Our results
indicate a predominant role of different channels under diverse conditions. All potassium channels from the family of K2P channels (upper side) and 6 transmembrane domain (6TM)
channel family (lower side) which have been shown to be able tomediate volume regulation are listed (modiﬁed from Ref. [3]). Channels relevant for lymphocytes are highlighted in
black.
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[42–44]). Our ﬁnding that TRESK−/− cells display an impaired RVD
(Supplementary Fig. S1B) support the concept of a functional role of
TRESK channels in the osmoregulation of mouse T cells.
In summary, our data provide evidence that two-pore domain
potassium channels are involved in RVD of T lymphocytes, which is
particularly reﬂected by a reduced solute permeabilityα in K2P–/– cells
(Table 1). The expression proﬁle of ion channels in T lymphocytes,
however, varies widely between different T cell subtypes and the
activation status of individual cells. It is therefore plausible to assume
that the varying results in our study reﬂect the expression status and
ion channel repertoire of different cell types. Among the various
potassium channels, KV1.3 and TASK2 appear to bemainly responsible
for RVD in murine T lymphocytes. Fig. 5 schematically illustrates a T
cell expressing the diverse potassium and chloride channel pools
involved in hypotonic volume regulation.
3.5. Concluding remarks
As a basic and mandatory physiological mechanism, volume
regulation relies apparently on a complex and redundant network
of potassium channels, including most notably 6TM and K2P families,
whose expression and open probability are governed by a great
number of factors discussed above. Further studies are necessary to
elucidate in detail the role of K2P channels in volume regulation.
The response of T and other immune cells to anisotonic solutions is
not only of physiological but also of biotechnological interest. This is
because hypotonic sugar solutions are useful in the production of
therapeutically relevant hybrid cells via electrofusion, and also for
electrotransfection of mammalian cells [45,46]. Finally, strongly
anisotonic media are also widely used in cryo- and lyopreservation
of rare and valuable mammalian cells and tissues [47,48].
Supplementarymaterials related to this article can be found online
at doi:10.1016/j.bbamem.2011.04.013.
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